I. INTRODUCTION
The CNN free radical is a potentially important combustion intermediate. It has been proposed as an intermediate in the mechanism for the formation of transient NO in the primary reaction zone of premixed flames of hydrocarbons with N 2 -O 2 mixtures, 1 because it can provide a low energy pathway for the cleavage of N 2 to produce N atoms through the reaction CϩN 2 →NϩCN. The resulting N atoms are rapidly oxidized to nitric oxide. To assess the importance of the CNN radical in combustion processes, accurate values for the dissociation energy, heat of formation, and a better understanding of the CϩN 2 potential energy surface is required. In order to address these issues, we have investigated the photodissociation spectroscopy and dynamics of CNN.
The CNN radical, like other 14 valence electron systems, has attracted interest from both experimentalists and theorists regarding its bonding and geometry. Most spectroscopic studies of this radical have been performed in rare gas matrices. Electron spin resonance experiments 2, 3 determined that the ground state symmetry is 3 ⌺ Ϫ . The first infrared absorption measurements on CNN revealed transitions at 1241, 393, and 2847 cm Ϫ1 that were assigned to fundamentals 1 (symmetric stretch), 2 (bend), and 3 (asymmetric stretch), respectively. 4, 5 More recent Fourier transform/laser-induced fluorescence ͑FT-LIF͒ emission studies in an Ar matrix 6 found the ground state asymmetric stretch ( 3 ) to be 1419 cm Ϫ1 , suggesting that the intensity of the infrared fundamental transition is ''accidentally'' zero and that the transition observed at 2847 cm Ϫ1 in previous work is the 3 overtone. With this new value for the 3 frequency, similar force constants were found for the C-N and N-N bonds, indicating that both are double bonds.
Several excited electronic states of CNN have also been observed in matrix ultraviolet absorption and emission studies. UV absorption bands near 23 870 and 25 250 cm Ϫ1 in a number of different rare gas matrices have been reported and have been subsequently assigned to the CNN radical.
Recently, the gas-phase photoelectron spectrum of the CNN Ϫ anion was measured by Clifford et al. 15 providing the electron affinity of CNN, 1.771Ϯ0.010 eV, as well as the ground state neutral frequencies. The photoelectron spectrum is dominated by the vibrational origin band, indicating very similar geometries for the anion and neutral. From their electron affinities of CNN and HCNN along with other thermochemical data, the authors determined ⌬ f H 0 ͑CNN͒ϭ5.9 Ϯ0.2 eV, which is well within the error bars for the previously reported value of 6.6Ϯ1.0 eV by Gurvich. 16 The electronic structure of CNN has been investigated in numerous theoretical studies. According to Walsh's rules, 17 all of the relevant electronic states for this 14 valence electron system, shown in Fig. 1 , are predicted to be linear with the dominant molecular orbital configurations shown below:
DeKock et al. 5 examined the infrared frequencies, finding the geometry and force constants to be highly dependent on the theoretical method employed and were not able to produce the experimental values observed by Milligan and Jacox. More recent ab initio calculations by Suter et al. 18 yielded ground state vibrational frequencies in good agreement with the newer experimental values. 6 Configuration interaction methods were applied to the X 3 ⌺ Ϫ , ã 1 ⌬, Ã 3 ⌸, and 1 ⌸ states, 19 yielding a calculated fluorescence lifetime value for the Ã 3 ⌸ state of 216 ns in good agreement with the reported experimental lifetimes of 220 and 280 ns from matrix LIF emission studies. 11, 19 Clifford et al. 15 have used ab initio methods to calculate the electron affinity, excited state term energies, and ground state vibrational frequencies for the CNN radical. Their results compare favorably with their experimental photoelectron spectroscopy measurements. Martin et al. 20 have performed ab initio calculations on the linear, bent, and cyclic states of NCN and CNN examining possible intermediates and pathways towards isomerization.
Our interest in the CNN radical has been further motivated by our recent study of the dissociation dynamics of the structural isomer NCN, 21 
II. EXPERIMENT
The fast beam photofragment translational spectrometer [22] [23] [24] used in these studies is shown in Fig. 2 . In this instrument, we generate a clean source of neutral radicals by mass-selectively photodetaching a beam of stable negative ions. The neutral radicals are photodissociated by a second laser and the photofragments detected with high efficiency. CNN Ϫ ions are generated in our pulsed discharge source described previously. 25 A mixture of 5:1 Ar:N 2 O with a stagnation pressure of 2 atm is passed through a bubbler containing diazomethane ͑Ϫ78°C͒. The resulting mixture is super- sonically expanded through a pulsed valve into a pulsed electric discharge, generating vibrationally and rotationally cold negative ions. Diazomethane was prepared from N-nitroso-N-methyl urea and 50% wt KOH. 26 Analysis of the photofragment yield spectra indicates that the rotational temperature of the anions is Ϸ50 K. The negative ions generated in the source region are accelerated to 8 keV, separated temporally by a Bakker time-of-flight ͑TOF͒ mass spectrometer, 27, 28 and selectively photodetached by an excimer-pumped dye laser operating at 2.48 eV. This photodetachment energy, based on the photoelectron spectrum of Clifford et al., 15 predominantly populates the vϭ0 level ͑Ϸ 90%͒ of the CNN X 3 ⌺ g Ϫ state. Any remaining ions are deflected out of the beam path.
In the dissociation region a second excimer-pumped dye laser intersects the CNN radical. A fraction of the neutrals absorb and dissociate yielding photofragments detected directly by either the TOF or TPS ͑time and position sensing͒ microchannel plate detector assemblies shown in Fig. 2 . An aluminum strip is positioned at the center of each detector to prohibit undissociated radicals from impacting the detector, so that the observed signal is entirely from recoiling photofragments.
Two types of experiments are performed. First, the spectroscopy of the dissociative electronic states is examined by scanning the dissociation laser and monitoring the total flux of photofragments arriving at the retractable TOF detector, located at 0.68 m from the dissociation laser. The resulting photofragment yield ͑PFY͒ spectra is complementary to absorption and fluorescence measurements. We examined the photolysis of CNN between 23 700-26 000 cm Ϫ1 and 40 800-48 300 cm
Ϫ1
. The fundamental output of the dye laser with a bandwidth of 0.3 cm Ϫ1 was used between 23 700-26 000 cm
. The dye laser was frequency-doubled to produce photon energies between 40 800-48 300 cm Ϫ1 with a bandwidth of 0.5 cm
. Once the spectroscopy of the dissociative states has been examined, the dissociation dynamics at selected photolysis energies are investigated. In this experiment, both photofragments from a single parent radical are detected in coincidence using a time and position sensing ͑TPS͒ detector based on the concept developed by de Bruijn and Los. 29 Our implementation of this detection scheme has been described previously. 22, 23 The TPS detector records the positions and difference in arrival time of the two photofragments from a single dissociation event. This information is then used to determine the masses of the fragments, their relative translational energy E T , and the scattering angle between the relative velocity vector and the electric vector of the polarized dissociation laser. The photofragment mass resolution is m/⌬mϷ10 while the translational energy resolution for these experiments is ⌬E T /E T ϭ2.0%. As discussed previously, 21 the relatively poor mass resolution for the photofragments is due to the size of the radical beam at the TPS detector.
III. RESULTS
A. Photofragment yield spectra, Ã 3 
The photofragment cross section for the Ã 3 ⌸←X 3 ⌺ Ϫ band of CNN is shown in Fig. 3͑a͒ with peak positions and assignments listed in Table I . These photofragment yield ͑PFY͒ spectra are a convolution of absorption and dissociation cross sections. The laser fluences were typically 200 mJ/cm 2 for photon energies between 23 500-24 200 ͑i.e., peaks A-C͒ and 80 mJ/cm 2 from 24 700-26 000 cm Ϫ1 ͑re-mainder of spectrum͒. A broad feature with a width of Ϸ 100 cm Ϫ1 is observed near 23 850 cm Ϫ1 ͑A͒ in good agreement with the rotationally resolved origin band observed by Curtis et al. 14 Weaker features, B and C, observed 200 and 300 cm Ϫ1 to the blue of the origin are most likely due to sequence bands involving vibrationally excited levels of the ground state. As discussed below, peak A results from twophoton dissociation, which is why such high laser fluence was needed.
A weak feature D is observed at 24 810 cm Ϫ1 while prominent features E and F occur at 25 044 and 25 236 cm Ϫ1 , respectively; for the latter two and other features with multiplet structure, the wave number values refer to the most intense peak. Feature F shows a linear relationship between fragment intensity and laser fluence for laser fluences Ͻ30 mJ/cm 2 , while saturation was seen at higher laser fluence. Expanded views of transitions E and F ͑scanned with laser Fig. 3͑b͒ , displaying significantly different rotational contours. Feature F displays three prominent subbands with a spacing of Ϸ27 cm Ϫ1 and a broader peak between the first two of these. The subband spacing of 27 cm Ϫ1 is close to the spin-orbit splitting, A ϭϪ26.5 cm Ϫ1 reported for the 000-000 band observed at lower energy in the experiments of Curtis et al. 14 The most intense subband possesses a width of about 1.5 cm Ϫ1 . Feature E, in contrast, does not possess any obvious subband structure; it consists of a peak at 25 Fig. 4 ; laser fluences of Ϸ15 mJ/cm 2 were used in these measurements. The PFY spectrum shows strong, broad transitions with widths of Ϸ300 cm Ϫ1 . Two major progressions with spacings of Ϸ1000 cm Ϫ1 are observed, in agreement with the absorption bands previously observed in the matrix studies of Jacox 12 and assigned to the
Our gas-phase transitions are shifted by ϳ85 cm Ϫ1 to the blue of the Ar matrix work. The most prominent progression in our spectrum originates at 40 985 cm
Ϫ1
, and, following the work of Jacox, is assigned to the symmetric stretch 1 0 n mode. Despite extensive scanning, we were not able to detect a weak transition near 40 000 cm Ϫ1 reported by Jacox. A second progression begins at 43 450 cm Ϫ1 and also displays a peak spacing of ϳ1000 cm
. The separation between this progression and the 1 0 n progression is 447 cm
. Since the ground state is linear and the excited state is predicted to be linear by Walsh's rules, the bend mode is not expected to be active. This second progression is most easily assigned to a combination band involving the symmetric ( 1 ) and one quanta of asymmetric ( 3 ) stretch
, in good agreement with the value of 1450 cm Ϫ1 reported by Jacox.
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C. Mass distributions
At the photon energies employed in this study, multiple photodissociation product channels are available. The heats of reaction ͑at 0 K͒ for energetically available product channels are shown below. ⌬ rxn H 0 for channel I ͑equivalent to the bond dissociation energy D 0 ͒ is determined directly in this work. The higher energy reaction channels are based upon our experimental value for D 0 , JANAF thermochemical tables 30 for the heats of formation of C, N, and N 2 , and the heat of formation for CN determined by Huang et al.:
The upper states accessed in the Ã 3 ⌸←X 3 ⌺ Ϫ transitions in Fig. 3 can only dissociate to channels I and II and the expected 12:28 photofragment mass ratio is observed. The higher energy B 3 ⌺ Ϫ ←X 3 ⌺ Ϫ transitions between 5.1-6.0 eV have multiple dissociation pathways available. We have examined the mass distributions as a function of translational energy both above and below the thermodynamic limits for Fig. 4 , the mass distributions broaden considerably at translational energies Ͻ 0.8 eV ͑circles in Fig. 5͒ and a slight shift to higher ͑lower͒ mass is observed for the light ͑heavy͒ photofragment, indicating that the NϩCN mass channel contributes.
D. Translational energy and angular distributions
The coincident detection scheme measures both the energy and angular distributions of the photofragments. The two-dimensional coupled translational energy distribution, P(E T ,) can be separated into the angle-independent translational energy distribution P(E T ) and the energy-dependent anisotropy parameter ␤(E T ) which describes the angular distribution of the fragments
The anisotropy parameter ␤ ranges from ϩ2 to Ϫ1, corresponding to cos 2 and sin 2 angular distributions, respectively.
Ã
The P(E T ) distributions for peaks E, F, G, and H of the Ã 3 ⌸←X 3 ⌺ Ϫ band are shown in Fig. 6 . We will comment on the P(E T ) distribution for the origin band ͑peak A͒ in Sec. III D 3. The P(E T ) distributions display bimodal distributions with a high energy component that extends toward Ϸ2 eV and a low energy feature peaked at 0.6 eV. The relative intensity of the higher energy component increases with larger photon energies. The P(E T ) distribution for the 100-000 transition shows a sharp onset in signal at 1.91 eV, defining the maximum translational energy, E T max . The other
Ϫ transitions do not display such sharp onsets and instead show a gradual decrease in signal towards higher translational energies. difference being that the broad peak at E T ϭ0.5 eV, which only appears when transitions J or K are excited, is considerably enhanced relative to the signal above 1 eV in Fig.  7͑d͒ . The signal above 1 eV in Fig. 7 is entirely from CϩN 2 since the mass spectrum of the fragments is identical to that obtained at lower photon energies where this is the only channel available ͑Fig. 5͒, whereas the peak around 0.5 eV is attributed to NϩCN because of its enhancement in Fig. 7͑d͒ . The latter assignment is again consistent with the photofragment mass spectra in Fig. 5 .
B
The observed structure for the CϩN 2 mass channel, with features between 0.5 to 1.0 eV in width, is much too broad to attribute to individual vibrational states of the N 2 products. Furthermore, the sharp rises do not exactly coincide with the thermodynamic thresholds for various product states and do not shift with excitation energy, making the assignment of the product channel ambiguous. The internal energy distribution appears to depend both upon excitation energy as well as the vibronic character of the transition. The P(E T ) distributions for transitions J and K show more signal above 3 eV than transition I and a peak near 1.5 eV not seen from transition I ͑the feature at 0.5 eV is from NϩCN products, as discussed above͒. Although K(1 0 n 3 0 1 ) is only 60 meV higher in energy than J(1 0 n ), the P(E T ) distribution for K peaks sharply near 1.4 eV as opposed to 2.0 eV for J, suggesting that excitation of the asymmetric stretch leads to increased internal excitation of the photofragments.
P"E T … distributions from the origin and higher energy transitions
The P(E T ) distribution for the origin transition at 2.955 eV, Fig. 8 , reveals a broad distribution peaked near 1.3 eV extending to 4.7 eV, which is 1.75 eV higher in energy than the initial photon energy. Gas phase kinetic data 13 and ab initio calculations 15, 20, 32 indicate that the CNN radical is thermodynamically stable with respect to the lowest energy dissociation asymptote. The high translational energy fragments must therefore be produced via a multiphoton process. The P(E T ) distribution resulting from excitation with a single photon at 5.91 eV ͑i.e., 2ϫ2.955 eV͒ is also shown in Fig. 9 . Due to the low laser fluence ͑Ϸ3 mJ/cm 2 ͒ and small absorption cross section at the higher photon energy, this data set consists of approximately 1/10 the number of data points as the P(E T ) distribution at 2.955 eV. Even with these poor statistics, similarities between the two data sets are readily apparent, both showing broad distributions peaking near 1.3 eV and extending towards higher translational energies. The similarity in P(E T ) distributions suggests the distribution at lower photon energy results from two-photon absorption, and that not only the total energy but also the final excited state is the same for both processes.
Angular distributions
Photofragment anisotropy parameters ␤(E T ) for representative Ã 3 ⌸←X 3 ⌺ Ϫ and B 3 ⌺ Ϫ ←X 3 ⌺ Ϫ transitions as well as one-photon and two-photon transitions with total excitation energy of 5.91 eV are shown in Fig. 9 . Angular distributions for the Ã 3 ⌸←X 3 ⌺ Ϫ band are essentially isotropic with ␤Ϸ0 at translational energies less than 1 eV and become increasingly anisotropic at higher translational energies with ␤ϭϪ0.2 at 1.5 eV. The photofragment anisotropies for the B 3 ⌺ Ϫ ←X 3 ⌺ Ϫ transitions are significantly more anisotropic showing positive ␤ parameters which peak near 2. Although the P(E T ) distributions in Fig. 8 at photon energies of 2.955 and 5.91 eV are similar, the photofragment angular distributions are quite different. Excitation at 5.91 eV results in a positive ␤ parameter at all translational energies, whereas excitation at 2.955 eV yields a negative ␤ parameter reaching its limit of Ϫ1 for E T Ͼ1.7 eV.
IV. ANALYSIS
A. Photofragment yield spectra
With the aid of previous gas-phase 14 and matrix 6,11 LIF studies, we have been able to assign several vibronic features of the Ã 3 ⌸←X 3 ⌺ Ϫ . PFY spectra are a convolution of both absorption and dissociation and may therefore exhibit different structure than emission or absorption-based techniques. Perturbations due to the matrix environment must also be considered when comparing our gas-phase studies with matrix results.
FIG. 8. P(E T
Feature . The band contour of this feature in our PFY spectrum does not show the resolved fine structure seen in the gas phase LIF spectrum. At the high fluence needed to observe PFY signal, Ϸ200 mJ/cm 2 , saturation effects and power broadening of individual lines are likely.
Since feature A in the PFY spectrum does not display resolved structure, a determination of the term energy for the to the blue of the origin with analogous subband structure; this has been tentatively assigned to the (010-010)⌬←⌸ sequence band, yielding a gas-phase bend frequency of 540 cm Ϫ1 for the Ã 3 ⌸ state. 33 Our PFY spectrum exhibits broad dissociation signal 145 cm Ϫ1 above the origin along with more intense features B and C located Ϸ200 and 300 cm Ϫ1 above the origin. Feature C can be reasonably assigned to the (020-020)⌽←⌬ transition, while the assignment of feature B is less certain.
We next consider the higher-lying features. Transition F shows prominent features with subband spacing of about 27 cm Ϫ1 and a broader peak between the first two of these. The three evenly spaced subbands are assigned to the 3 ⌸ 2 , 3 ⌸ 1 , and 3 ⌸ 0 Q-type bandheads of the Ã 3 ⌸←X 3 ⌺ Ϫ transition. The appearance of this fine structure in the PFY spectrum is quite different than in the origin band observed by Curtis et al. 14 However, their experiment reports a rotational temperature of 500 K as opposed to 50 K in our experiment. Using the same structural parameters used previously by Curtis et al. to simulate their spectrum but assuming a rotational temperature of 50 K, we generate the three equallyspaced subbands associated with transition F. The subband structure and vibrational frequency of 1387 cm Ϫ1 are consistent with an assignment of F to the 100-000 transition, although the gas-phase transition occurs 64 cm Ϫ1 to the blue of the corresponding matrix LIF transition ͑see Table I͒. The matrix LIF spectrum 11 shows two features with energies similar to D and E in the PFY spectrum that were assigned to transitions to the lower (02 Ϫ 0) and upper (02 ϩ 0) Renner-Teller states, and these assignments appear reasonable for peaks D and E as well. The Renner-Teller interaction commonly reduces the spin-orbit splitting as has been observed previously in CCO. 34 The lack of subband structure associated with feature E supports its assignment to a Renner-Teller state. Peak D lies 20 cm Ϫ1 below the corresponding matrix transition, while E is 100 cm Ϫ1 higher, indicating a strong matrix effect. In their matrix studies, Bondybey and English determined the Renner parameter ⑀ 2 to be Ϫ36.75 cm Ϫ1 , significantly less than the gas-phase values of Ϫ104.4 and Ϫ91.1 cm Ϫ1 for the isoelectronic species CCO ͑Refs. 34, 35͒ and NCN. 36 Assigning transitions D and E to the 02 Ϫ 0 and 02 ϩ 0 states, respectively, we derive
, in good agreement with the value estimated from the work of Curtis et al., 14 and a Renner value ⑀ϭ Ϫ0.154 yielding ⑀ 2 ϭϪ83 cm Ϫ1 , in much better agreement with the other isoelectronic species. The large discrepancy between the gas-phase and matrix values is surprising. However, the spin-orbit parameter, A was found to be Ϫ9 and Ϫ26.5 cm
Ϫ1
, respectively for matrix 11 and gas-phase 14 measurements on CNN, indicating that the matrix substantially perturbs the electronic coupling to the internuclear axis.
The relative intensities of the Renner-Teller features D and E are reversed in the matrix LIF and PFY spectra. In the absence of other perturbations, we expect the intensity for the two 020 ⌸ states to be approximately equal. The intensity of the lower Renner-Teller state in LIF matrix measurements 11 is more than four times that of the upper Renner-Teller state, whereas our PFY measurements show the 02 ϩ 0 transition to be at least five times more intense than the 02 Ϫ 0 band. These observations suggest that the lower Renner-Teller state decays primarily via emission, whereas the upper Renner-Teller component has a significantly higher quantum yield for dissociation, thereby depleting the LIF signal associated with this peak.
Higher energy features G and H are observed 1742 cm
and 1967 cm Ϫ1 above the origin. These features do not display clear subband structure nor do they agree well with reported LIF matrix transitions. Feature G could be the transition to the 001 level, although this implies a gas-phase frequency shift of Ϫ65 cm Ϫ1 from the matrix value of 1807 cm
. Transition H is tentatively assigned to the 04 Ϫ 0 -000 transition, as its excitation energy is about twice that of peak D. Other possible assignments include combination band transitions originating from vibrationally excited levels of the ground state.
All of the vibronic transitions of the Ã 3 ⌸←X 3 ⌺ Ϫ band deviate to some extent from the LIF matrix studies, suggesting substantial host-guest interactions exist for CNN. Analogous shifts between matrix and gas phase frequencies were observed previously by Bondybey The P(E T ) distributions in Fig. 6 and 7 demonstrate how available energy is distributed between the photofragments. Energy balance for CNN photodissociation to N 2 ϩC is described by Eq. ͑2͒:
where h is the photon energy, E int (CNN) is the average rotational energy of the parent radical, E elec (CNN) is the initial electronic state of the radical, D 0 is the dissociation energy, E T is the measured translational energy, E v (N 2 ) and E R (N 2 ) are the N 2 vibrational and rotational energies, respectively, and E elec (C) is the atomic state of carbon. An analogous equation can be written for the CNϩN channel. The parent rotational temperature of 50 K yields E int (CNN)Ϸ33 cm Ϫ1 . D 0 (CNN) for the N 2 loss channel can be extracted from these distributions by determining E T max , the translational energy corresponding to photofragments with zero internal energy. In the Ã 3 ⌸←X 3 ⌺ Ϫ band, a sharp threshold for dissociation signal is observed for the 100-000 transition ͑F͒, yielding a dissociation energy, D 0 ϭ1.22 Ϯ0.05 eV.
The translational energy distributions for the other transitions in Fig. 6 do not show as sharp a threshold, and G and H in particular clearly extend beyond the maximum E T implied by the above dissociation energy. However, the distributions for E, G, and H energies were measured at laser fluences ϳ80 mJ/cm 2 compared with 30 mJ/cm 2 for F, and may reflect multiphoton absorption. Furthermore, the assignments of transitions G and H are uncertain and may involve excitation from vibrationally excited levels of the ground state, giving rise to higher translational energy signal than would be expected from transitions originating from the ͑000͒ level of the X 3 ⌺ Ϫ state. Using Eq. ͑3͒, we determine ⌬ f H 0 ͑CNN͒ϭ6.16Ϯ0.05 eV from our experimental value for D 0 and JANAF thermochemical tables for the heats of formation of C and N 2 .
This value is more precise than previous values of 6.6 Ϯ1.0 eV and 5.9Ϯ0.2 eV reported by Gurvich 16 and Clifford et al., 15 respectively. The uncertainty in our value for the heat of formation for CNN is considerably less since the thermochemical cycle employed in this study is linked to the photofragments C( 3 P) and N 2 (X 1 ⌺ g ϩ ) whose heats of formation are extremely well-known. Our heat of formation is just outside the error bars of the value derived from recent photoelectron and proton affinity measurements of Clifford et al. However, the value obtained by Clifford et al. involves a thermochemical cycle referenced to ⌬ r H 0 (H 2 CNN) for which the authors adopt a value of 2.85 eV based upon ab initio calculations, and this may be the cause of the discrepancy. Experimental 13, [38] [39] [40] [41] [42] and theoretical 15, [43] [44] [45] [46] [47] values for the heat of formation of diazomethane (H 2 CNN) vary from 2.2-3.3 eV.
Using our ⌬ f H 0 (CNN), ground state frequencies from IR matrix studies, 6 and tabulated values for N 2 and C, 30 (CH 2 -N 2 ) .
In addition to yielding an accurate heat of formation, the P(E T ) distributions provide detailed information regarding the nature and extent of photofragment excitation and hence provide considerable insight into the dissociation mechanism. The distributions do not exhibit well-resolved vibrational structure of the N 2 fragment. The N 2 vibrational frequency is considerably larger than our energy resolution, and we would easily observe N 2 vibrational structure in the P(E T ) distributions if the N 2 were rotationally cold, as was the case for NCN photodissociation. 21 The absence of such structure thus indicates that the N 2 is formed with a broad rotational energy distribution, the width of which is at least at large as the N 2 vibrational frequency ( e ϭ2358 cm Ϫ1 ) corresponding to JϷ35. Assuming a single Boltzmann rotational distribution for each vibrational feature and an instrument resolution of 30 meV, resolved vibrational structure of the N 2 fragment should be observed for rotational distributions which peak at J values less than 50 quanta (T rot Ϸ15 000 K). Hence, the actual N 2 rotational distribution must be hotter than this.
The bimodal P(E T ) distributions suggest that two distinct dissociation pathways are present yielding different product state distributions. One explanation for two different distributions would be the presence of two different product channels ͓e.g., C( 3 P) and C( 1 D) products͔. However, this does not appear to be the case. E T max for the C( 1 D)ϩN 2 channel is indicated by the dot-dashed line in Fig. 6 . In all four P(E T ) distributions the lower energy component begins at translational energies у200 meV than this value of E T max , suggesting it is not due to C( 1 D)ϩN 2 . The low energy feature thus appears to be C( 3 P) plus highly internally excited N 2 .
B
3 ⌸]X 3 ⌺ À transitions
The P(E T ) distributions for the Fig. 7 all peak at translational energies well below the maximum for ground state C( 3 P) products. While multiple product channels are energetically accessible, our product mass distributions suggest that the CϩN 2 products are the dominant photolysis products. Transition K, a member of the 1 0 n 3 0 1 progression, produces significantly more internal energy into the products than the nearby transition J of the 1 0 n progression suggesting that a mode-specific mechanism may be involved with excitation of the asymmetric stretch leading to additional excitation of the N 2 photofragment. The energy separation of the structured features in the P(E T ) distributions for transitions J and K is much too large to attribute to vibrational structure of the N 2 photofragment.
The calculated maximum translational energies for channel I-V, based upon our experimentally determined value for D 0 , are indicated in Fig. 7 with vertically dashed lines. It is tempting to assign the various structured features to new dissociation channels. The features at 1.87 and 2.05 eV for transitions I and J appear to correspond to the opening of channel III. However, our mass ratio of 12:28 indicates that CNϩN products are not formed at this translational energy and that these features must be due to internally excited CϩN 2 products. A new feature appears to grow in for transition K peaking at 1.4 eV and the onset of this feature corresponds energetically with the opening of the spin-forbidden C( 1 S) channel. However, the broad resonances in the PFY spectra suggest that the B 3 ⌺ Ϫ state decays on an ϳ100 fs time scale, making an intersystem crossing mechanism less likely. We therefore propose that this feature at 1.4 eV for transition K does not correspond to C( 1 S) products, but to vibrationally and rotationally excited C( 3 P) products. Finally, low energy features near 0.5 eV are observed for transitions J and K. Our photofragment mass distributions in Fig. 5 This suggests rapid dissociation, a result consistent with the broad peaks seen in the PFY spectrum.
Origin and higher energy transitions
As discussed earlier, the signal at high E T observed for the P(E T ) distribution at 2.955 eV ͑Fig. 8͒ is indicative of two-photon dissociation. The PFY spectrum at this photon energy shows a resonance corresponding to the In contrast, the two-photon process yields negative ␤ parameters at all E T . Initial excitation of the Ã 3 ⌸←X 3 ⌺ Ϫ band should in principle form aligned CNN radicals which are then dissociated by the absorption of a second photon, possibly leading to higher-order terms in the angular distribution. 48, 49 Nevertheless, the angular distribution is reasonably described by Eq. ͑1͒, with ␤ approaching its limiting value of Ϫ1 at translational energies Ͼ1.7 eV. We interpret this to mean that the lifetime of the Ã 3 ⌸ state origin ͑Ͼ200 ns͒ is sufficiently long so that alignment is significantly reduced prior to absorption of the second photon, and that the negative anisotropy parameter reflects a perpendicular transition from the intermediate Ã 3 ⌸ state to a rapidly dissociating upper state. This is consistent with assigning the second photon absorption to excitation of the
V. DISCUSSION
The photofragment yield spectra, translational energy, and angular distributions show that the CNN radical undergoes complicated dissociation dynamics. In this section selected aspects of these dynamics are discussed in more detail.
Previous LIF spectra 11 and our PFY spectra provide complementary information on the excited state dynamics of the CNN radical. The measured fluorescence lifetime of 220 ns for the Ã 3 ⌸ state origin agrees well with the calculated value of 216 ns, 32 suggesting that this state does not undergo any radiationless processes. Since the Ã 3 ⌸ state lies more than 1.73 eV above the lowest dissociation asymptote, these results imply a barrier to dissociation for the Ã 3 ⌸ state. Our results concur, demonstrating that photofragments generated at the excitation energy of the Ã 3 ⌸←X 3 ⌺ Ϫ origin are produced from a resonant two-photon process. Peak E, assigned to the 02 ϩ 0 -000 transition and located Ϸ1200 cm Ϫ1 above the origin, does undergo rapid one-photon dissociation, whereas comparison of the LIF and PFY spectra indicates that fluorescence competes effectively with dissociation from the lower-lying 02 Ϫ 0 state. A simple explanation of these results is the presence of a barrier located 960-1200 cm Ϫ1 above the origin, inhibiting dissociation from the 02 Ϫ 0 state but not the 02 ϩ 0 state. The absence of vibrational structure in the P(E T ) distributions from the Ã 3 ⌸←X 3 ⌺ Ϫ and B 3 ⌺ Ϫ ←X 3 ⌺ Ϫ transitions and the implied high level of N 2 rotational excitation is surprising given that the ground and excited states are linear. It appears that dissociation proceeds through bent transition states that exert substantial torque on the N 2 fragment. Extensive rotational excitation of the molecular fragment has been observed by Continetti et al. 22 in the photodissociation of N 3 from the linear B 2 ⌺ u ϩ state, leading these authors to conclude that the dissociation mechanism involves bent geometries. In our recent photodissociation studies of the structural isomer NCN, 21 molecular nitrogen was also found to be the dominant product channel. However, unlike the CNN radical, the translational energy distributions from NCN revealed well-resolved vibrational structure of the N 2 photofragment with fragment rotational distributions that peak between Jϭ20-35. This relatively low level rotational excitation supports a symmetric, cyclic transition state for NCN photodissociation which can fall apart to CϩN 2 without applying much torque to the molecular fragment.
The isoelectronic species, N 3 ϩ provides a useful system with which to compare the CNN radical. Friedman et al. 50 have observed the predissociation cross section of the Ã 3 ⌸ u ←X 3 ⌺ g Ϫ band. No fragmentation was observed for the origin, located 0.87 eV above the N ϩ ( 3 P)ϩN 2 (X ⌺ g ϩ ) dissociation asymptote and the first assigned predissociative transition is the 020-000 band. No assignment of the upper and lower Renner components was made. Individual rotational lines for the 100-000 transition were resolved and all were found to be instrumentally narrow placing a lower limit on the excited state lifetime of Ͼ50 ps. The authors proposed that the inability of the origin to dissociate and the long lifetime of the 100-000 state is due to a barrier along the dissociation coordinate. This hypothesis is borne out by recent ab initio calculations by Bennett et al. 51 on the collinear adiabatic potential energy surfaces of N 3 ϩ ; these show a substantial barrier ͑ϳ1 eV͒ for dissociation of the Ã 3 ⌸ state to products N ϩ ( 3 P)ϩN 2 (X ⌺ g ϩ ) resulting from an avoided crossing between the Ã 3 ⌸ state, which diabatically correlates with NϩN 2 ϩ products ͑isoelectronic with NϩCN͒, and a repulsive 3 ⌸ state that correlates diabatically with lowerlying N ϩ ( 3 P)ϩN 2 (X 1 ⌺ g Ϫ ) products ͑isoelectronic with CϩN 2 ͒. The absence of predissociation of the Ã 3 ⌸ state 000 level due to a barrier along the dissociation coordinate thus occurs in both N 3 ϩ and CNN, suggesting that an avoided crossing also occurs in CNN.
The calculations by Bennett et al. 51 indicate that excited state dissociation of N 3 ϩ is strongly affected by nonadiabatic effects, including avoided crossings and conical intersections. For example, in addition to the avoided crossing involving the Ã 3 ⌸ state in collinear geometries, this state also undergoes a conical intersection with an excited 3 ⌺ Ϫ state. As a consequence, the effective barrier to dissociation is reduced if the molecule becomes nonlinear. If a similar picture can be applied to CNN dissociation, dissociation through a bent geometry may provide the lowest energy pathway to CϩN 2 products, providing a possible explanation for the extensive rotational excitation seen in the N 2 product in our experiment. We hope that future theoretical work on both linear and nonlinear potential energy surfaces of CNN will allow for a detailed picture of the nonadiabatic processes involved in its dissociation.
